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The mechanism by which brain neurons send
signals to other cells involves the release of
particular chemicals, neurotransmitters, that
are produced in and released from each
neuron's myriad terminals. About 30 or 40
compounds have been identified that seem to
function as neurotransmitters somewhere in
the brain. In general, each of these compounds
can be released from many distinct groups of
brain neurons which are distinguished by the
locations of their cell bodies and terminals, and
which subserve different functions. It appears
that the rates at which some of the neurotrans-
mimers are synthesized, and the quantities of
them that are released, normally vary in non-
malnourished individuals, depending upon the
composition of the food that has most recently
been eaten. These changes in neurotransmit-
ter release can also be associated with func-
tional and behavioral consequences, thereby
allowing one's nutritional state to affect one's
behavior. This paper discusses the particular
transmitlers that are nutrient-dependent; the
processes thai couple food consumption to
neurotransmitter synthesis; and some of the
consequences of this coupling.

Nutritional Control of Serotonin Synthesis
The synthesis of serotonin, 5-hydroxytrypta-

mine (5-HT), in neurons is initiated by the by-
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droxylation of the essential amino acid trypto-
phan. The enzyme that catalyzes this reaction,
tryptophan hydroxylase, has a poor affinityfor
its amino acid substrate. Hence, treatments
that raise or lower brain tryptophan levelscan,
by changing the enzyme's substrate satura-
tion, rapidly alter the rate at which tryptophanis
hydroxylated and the rate at which its product
(5-hydroxytryptophan) is converted to seroto-
nin.1Brain tryptophan levels in rats, and proba-
bly in human beings, normally undergo pro-
nounced variations when plasma amino acid
paMems change, for example, when foods are
being digested and absorbed. A high-carbohy-
(:Irate, protein-poor meal elevates brain trypto-
phan, accelerating serotonin synthesis,l In
contrast, a high-protein meal depresses sero-
tonin synthesis.3 The plasma parameter that
couples food composition to brain tryptophan
level is the ratio of the plasma tryptophancon-
centration to the summed concentrations of
such other large neutral amino acids (LNAA)
as tyrosine, phenylalanine, and the branched-
chain amino acids leucine, isoleucine and va-
line?-6 This parameter is important because
the transport macromolecules (within the capil-
lary endothelia comprising the blood-brain bar-
rier) that carry circulating tryptophan into the
brain also transport the other LNAA with al-
most equal efficiency, so circulatingtryptophan
must compete _th the other LNAA for trans-
port sites.7A carbohydrate-rich meal raises the
plasma tryptophan ratios by eliciting the secre-
tion of insulin, which has little effect on plasma
tryptophan but greatly lowers plasma levels of
the other LNAA, largely by facilitating their up-
take into skeletal muscle. A protein-rich meal
depresses the ratio by contributing very large
quantities of the branched-chain amino acids
to the systemic circulation but only small
amounts of Iryptophan (which is the least
abundant amino acid in proteins and also is
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destroyed in the liver). This coupling of food
composition to serotonin release allows sero-
toninergic neurons to function as variable ratio
sensors, informing the rest of the brain about
the proportions of protein and carbohydrate in
the most recent meal or snack. The brain can
then use this information in deciding what to
eat at the next meal or snack.

Serotonin release from brain neurons can
also be increased by ingesting pure trypto-
phan, especially by taking it along withan insu-
lin-releasing carbohydrate (to lower the levels
of the other plasma LNAA, thereby facilitating
t_tophan's uptake into the brain).° Con-
versely, serotonin release can be depressed
by ingesting large doses of any other LNAA,
including both the amino acids that are natu-
rally present in protein and synthetic com-
pounds, like L-dopa or Q-methyldopa, which
are used therapeutically. 1° Tryptophan's effi-
cacy -- and that of any other natural or syn-
thetic LNAA -- is diminished if it is consumed
along with protein; the LNAA in the protein
suppress its uptake into the brain.

Brain Serotonin and Appetite Control
If animals are allowed to choose concur-

rently from among two or more diets (unfortu-
nately an unusual circumstance in most re-
search on appetite control) each containing
different proportions of carbohydrates or pro-
tein or both, their behavior indicates that they
are able to regulate not only the total quantities
of food and of calories that they consume, but
also the proportions of protein" and carbohy-
drates. 12 Administration of a small carbohy-
drate-rich pre-meal before exposure to the test
diets t3 or administration of drugs (e.g., D-fen-
fiuramine or fluoxetine14)that enhance seroto-
nin's release or suppress its inactivation
causes the animal to adjust its food choices so
as to increase the proportion of protein to car-
bohydrate in the next meal. Similar observa-
tions have been made in people given D-fen-
fluramine (or, to a lesser extent, tryptophan)
and allowed to choose among snacks Is or
meal constituents containing varying prOpor-
tions of protein and carbohydrate. All who re-
sponded to D-fenfluramine by reducing total
caiode intake also significanttydecreased the
proportion of calorie intake supplied by carbo-

hydrate and increased _ proportion supplied
by protein. Fat consumption was not llgnifi-
cantty affected. Most of the decline in carbohy-
drate intake in such experiments is related to
reduced consumption of snack foods_° and not
of meal-time carbohydrates. These observa-
tions imply that the brain mechanisms regulat-
ing protein and carbohydrate appetites involve,
among others, serotonin-releasing neurons. A
carbohydrate-rich, protein-poor meal that in-
creases brain serotonin levels reduces the
likelihood that the next meal will be of similar
composition. Conversely, consumption of car-
bohydrate-poor, protein-rich meals (like those
often used for weight reduction) diminishes
brain serotonin synthesis and sometimes in-
creases the subject's desire for carbohydrate
to the point of carbohydrate-craving. _ Pro-
longed consumption of such meals may ex-
acerbate the lowering of brain serotonin and
the carbohydrate craving by diminishing the
quantities of insulin secreted after meals. This
would be expected to further increase plasma
levels of the competing branched-chain LNAA.
If an obese subjecl also happened to be insu-
lin-resistant, this might further raise plasma
LNAA and depress brain serotonin release.

We observe that a sizable proportion of
obese subjects seeking assistance in weight
reduction consume as much as half of their

total daily intake as carbohydrate-rich snacks,
and that this behavior is often associated with
strong feelings of carbohydrate craving. Con-
ceivably, this appetite disorder reflects an ab-
normality in the process that couples carbohy-
drate consumption to the release of brain
serotonin. Many patients describe themselves
as feeling anxious, tense or depressed before
consuming the carbohydrate snack and
peaceful or relaxed afterwards. It may be more
than a coincidence that dietary carbohydrales
and both major classes of antidepressant
drugs, the monoamine-oxidase inhibitors and
the tricyclic-uptake blockers, are thought to in-
crease the quantities of serotonin present
within brain synapses. Perhaps the subjects
snacking on carbohydrates are unknowingly
self-medicating

Carbohydrate consumption or tryptophan
administratiortcan also modulate other normal
behaviors, increasing subjective fatigue and
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sleepiness,acceleratingsleeponsetinpeople

withprolongedsleeplatencies,_ diminishing

sensitivitytomildpain,and (inpeopleover40)

Increasingthe likelihoodoferrorsinperform-
ance tests.'9 At present,no informationis

availableon the relativepotenciesofsugars

and starchesinproducingsucheffects.Itmight
be expected thata carbohydrate'spotency

would depend upon itsspeed of absorption

and itsabilitytostimulateinsulinsecretion.

Nutrients and Control of the Synthesis of
Catecholamines and Acetylcholine

The rates at which the enzymes tyrosine
hydroxytase and choline acetyltransferase
convert tyrosine to dopa_,21 and choline to
acetylcholine,_'_ respectively, can be modu-
lated by treatments that change brain levels of
tyrosine or choline. Brain tyrosine levels are
most conveniently increased by ingesting pure
tyrosine alone or with a carbohydrate (to lower
plasma levels of the competing LNAA). Con-
sumption of a high-protein meal also increases
the plasma tyrosine ratio and brain tyrosine
levels slightly,but probably notenough to have
major effects on catecholamine synthesis.
Brain choline levels are increased by con-
sumption of pure choline or of phosphatidyl-
choline (lecithin),2' the substance providing
most of the choline in the diet. Choline uptake
into the brain is also catalyzed by a transport
macromolecule within the endothelia of brain
capillaries; ? apparently, choline is the only ira-
portant circulating ligand for this transport
mechanism.

Under basal conditions, when a particular
catecholaminergic or cholinergic neuron is not
firing frequently, it will respond poorly if at all to
an increase in available tyrosine_._s or cho-
line.2_However, when the neurons are physio-
logically active, they concurrently become
highly responsive to increases in precursor
levels, synthesizing and releasing more dopa-
mine, for example, when brain tyrosine levels
are raisecP.z" and more acetylcholine after
cholinez) or lecithin3° is eaten. The biochemi.

cal mechanism that couples neuronal firing fre-
quency to tyrosine-responsiveness apparently
involves the activation (by phosphorylation) of
tyrosine hydroxylase. This process greatly in-
creasestheenzyme's affinityfor,and setura-

4 M.n'RrnoN R_MEN'r_IM Y flim

Ik_ with, itstetrahydrobioptedn cofactor, caus.
ing its activity to become limited by the extent
to which it is saturated with its amino acid
substrate, tymslne. =_ _ation of the
enzyme also diminishes its sensitivity to end-
product inhibitionby catecholamine, further in.
creasing the rate at which the neuron converts
tyrosine to dopamine or noradrenaline. The
biochemical mechanism that couples a cholin.
erglc neuron's fidng frequency to its ability to
synthesize more acetylcholine when given
more choline remains unknown.

The fact that catecholaminergic and cholin-
ergic neurons must be exhibiting sustained
physiological activity in order to display precur-
sor-responsiveness (a relationship that is not
typical of seroloninergic neurons=) imparts
considerable specificity to the functional con-
sequences of giving patients tyrosine or cho-
line. The brain apparently can choose which
particular catecholaminergic or cholinergic
neurons will be allowed to respond to having
more precursor simply by doing what brains
normally do, i.e., modulating the firing frequen-
cies of each group of neurons that releases
these transmitters. This ability probably ex-
plains the paucity of side effects observed
when people are given even very large doses
of tyrosine_,34 or of choline-containing com-
pounds._s,_ It also explains why a particular
dose of tyrosine can be used either to reduce
blood pressure in hypertension37 (by enhanc-
ing noradrenaline release from the brainstem
noradrenergic neurons that reduce sympa-
thetic outflow) or to raise blood pressure in
hemorrhagic shock3s(by increasing catechola-
mine secretion from the physiologically active
sympathoadrenal cells).

Attempts to use tyrosine or choline-contain-
ing compounds to treat diseases of catechola-
mine or acetylcholine deficiency are in their
infancy. Progress has been retarded by the
unusual regulatory status of these compounds
(foods or drugs?) and by the unavailability,
until recently, of pure and palatable lecithin
preparations. Tyrosine has been reporled to
help some patients with depression_ or milcl
Parktnson's disease. _ Choline or lecithin have
been used successfully to treat tardive dyski-
rtesia,=,4°'" marlkl'_ _ _l_llXJas._ Adminis-
ration of shollne or lecithin alone for short
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periods has not led to reproducible improve-
rnent in patients with advanced Alzhetmer's

disease. _ However, administration of high

doses of nearly pure lecithin for longer pedods

(20 to 25 g daily for 6 months) apparently

improved learning-memory and serf-care indi-
ces in older patients who had a milder form of
the disease."

Summary
Numerous food constituents can affect the

synthesis of brain neurotransmitters, and
thereby modify brain functions mediated by the
transmitters. This article describes the effects

of dietary carbohydrate or protein on brain se-

rotonin synthesis, and the invotvement of sero-

tonin-releasing neurons in control of appetite.

Finally, it also mentions the changes in brain

acetylcholine or catecholamine levels that can

be induced by giving a dietary choline source

or pure tyrosine. []
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